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GUIDANCE ANALYSIS OF AERODYNAMIC BRAKING 

I N T O  ORBIT AROUND MARS 
. 

By Benjamine J .  Garland 

SUMMARY 

A guidance system w a s  developed t o  con t ro l  a spacecraf t  during an  
aerodynamic braking maneuver. The guidance equations attempt t o  con t ro l  
t h e  apoapsis a l t i t u d e  and inc l ina t ion  of t h e  t r a j e c t o r y  after t h e  space- 
c r a f t  sk ips  from t h e  atmosphere by r o l l i n g  t h e  spacecraf t .  A propulsion 
system i s  required t o  change t h e  s k i p  t r a j e c t o r y  t o  t h e  t a r g e t  o r b i t .  

This guidance system w a s  used t o  evaluate  t h e  f e a s i b i l i t y  of using 
aerodynamic braking f o r  en t ry  speeds between 17 000 f p s  and 20 000 f p s .  
The assumed spacecraf t  had a l i f t - to-drag (L/D) r a t i o  of 0 .5  and a 
b a l l i s t i c  coe f f i c i en t  of 120  psf. The use of aerodynamic braking appears 
t o  be f e a s i b l e  provided t h a t  an accurate  model of t h e  Martian atmosphere 
i s  a v a i l a b l e .  

INTRODUCTION 

The use of aerodynamic braking t o  achieve t h e  capture  of a space- 
c r a f t  by t h e  atmosphere of  a planet has been shown t o  o f f e r  advantages 
over propulsive braking by many s tud ie s  ( r e f s .  1 through 9 ) .  
aerodynamic braking maneuver may be used f o r  e i t h e r  a d i r e c t  descent t o  
t h e  surface o r  j u s t  t o  decelerate  the spacecraf t  t o  allow i ts  capture  
a f t e r  it sk ips  from t h e  atmosphere. During t h e  f i r s t  s k i p  t h e  propulsion 
system must be used t o  ra ise  t h e  p e r i a p s i s  a l t i t u d e  of t h e  o r b i t  above 
t h e  planetary atmosphere i f  an o rb i t  i s  t o  be establ ished.  It may be 
necessary t o  use t h e  propulsion system a second t i m e  t o  ad jus t  t h e  apoapsis 
a l t i t u d e  . 

The 

The depth of t h e  co r r ido r  ava i l ab le  f o r  aerodynamic braking a t  Mars 
w a s  s tudied by a n a l y t i c  means i n  references 1 and 2.  The r e s u l t s  i n d i c a t e  
t h a t  a spacecraft  could be guided t o  t h e  a v a i l a b l e  corr idor  with comparative 
ease. The t r a j e c t o r y  of  t h e  spacecraft  through t h e  atmosphere w a s  
considered i n  references 3 and 4, although t h e  major emphasis of reference 3 
was placed on aerodynamic braking maneuvers a t  Earth.  The problem of 
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aerodynamic braking at Mars w a s  examined i n  reference 4 using a two- 
dimensional t r a j e c t o r y  simulation t h a t  employed a calculus-of-variation 
procedure f o r  t r a j e c t o r y  optimization. The optimum t r a j e c t o r y  w a s  found 
t o  require  e i t h e r  f u l l  pos i t i ve  or f u l l  negative l i f t  and an instantaneous 
r e v e r s a l  of t h e  l i f t  vec tor .  An a l t e r n a t e  type of t r a j e c t o r y  containing 
a constant a l t i t u d e  segment w a s  considered because a rea l  guidance and 
con t ro l  system i s  not capable of following t h e  optimum t r a j e c t o r y .  It 
w a s  found t h a t  t h e  cost  of t h e  a l t e r n a t e  t r a j e c t o r y  could be kept c lose  
t o  t h e  cost of t h e  optimum t r a j e c t o r y  i f  t h e  t a r g e t  o r b i t  w a s  chosen 
judiciously.  

The models of t h e  Martian atmosphere used i n  references 1 through 4 
a r e  now believed t o  be incor rec t .  For example, t h e  dens i ty  of t h e  
atmospheric model used i n  reference 4 i s  approximately two orders  of 
magnitude g rea t e r  than t h e  dens i ty  of t h e  mean atmosphere proposed i n  
reference 10. The atmospheric models used i n  references 5 and 6 are 
bas i ca l ly  t h e  same as t h e  proposed model. 

Some of t h e  problems of t h e  automatic cont ro l  system necessary 
t o  achieve aerodynamic braking a t  Mars were discussed i n  re ference  11. 
The control  system used a fast-t ime predic t ion  guidance method, such 
as discussed i n  reference 1 2  t o  pred ic t  t h e  proper cont ro ls .  
some resu l t s  of simulations of manual backup cont ro l  were presented. 
Unfortunately, t h i s  study w a s  performed before  t h e  present model of t h e  
Martian atmosphere w a s  obtained. 

I n  addi t ion ,  

A comprehensive study of t h e  use of aerodynamic braking t o  achieve 
planetary capture  of t h e  spacecraf t  has been reported i n  reference 9. 
The i n i t i a l  mass i n  o r b i t  at Earth f o r  a spacecraf t  employing aerodynamic 
braking was compared t o  t h a t  of a spacecraf t  employing only propuls ive 
braking. The i n i t i a l  mass of each spacecraf t  w a s  reduced s i g n i f i c a n t l y  
by increasing t h e  eccen t r i c i ty  of t h e  o r b i t  and are comparable when t h e  
eccen t r i c i ty  is 0.7. 
1 . 0  and a b a l l i s t i c  coe f f i c i en t  of 1000 ps f .  

The aerodynamic braking spacecraf t  had an L/D of 

The i n i t i a l  mass i n  Earth o r b i t  may be  reduced f u r t h e r  by t h e  procedure 
suggested i n  reference 13. This procedure uses  aerodynamic braking f o r  
t h e  spacecraft  which w i l l  be used t o  descend t o  t h e  surface of t h e  
planet  but uses propulsive braking f o r  t h e  main spacecraf t .  The crew 
remains aboard t h e  main spacecraf t  while t h e  unmanned lander  spacecraf t  
uses aerodynamic braking t o  achieve capture .  

A guidance system f o r  con t ro l l i ng  t h e  spacecraf t  during t h e  aerodynamic 
braking maneuver has been developed. 
form predict ion technique r a t h e r  than  a fast-time predic t ion  technique 
such as tha t  used i n  reference 11. 
con t ro l  both t h e  apoapsis a l t i t u d e  of t h e  ex i t  t r a j e c t o r y  and t h e  

This  guidance system uses  a closed- 

The guidance equations attempt t o  
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i n c l i n a t i o n  of t h e  t r a j e c t o r y  plane. This guidance system w a s  used t o  
study t h e  f e a s i b i l i t y  t o  perform t h e  aerodynamic braking maneuver with 
t h e  landing spacecraf t  discussed i n  references 9 and 13. 
spacecraf t  i s  capable of achieving an  L/D of 0 . 5  and has a b a l l i s t i c  
c o e f f i c i e n t  of 120  p s f .  
i n  reference 9 were used and the  v e l o c i t y  of t h e  spacecraf t  a t  en t ry  
was assumed t o  be between 1 7  000 f p s  and 20 000 f p s .  
i n  t h i s  range can be obtained with round-trip missions which last  
approximately 1000 days and remain a t  Mars f o r  approximately 450 days 
( r e f .  7 ) .  

The landing 

The models of t h e  Martian atmosphere proposed 

Entry v e l o c i t i e s  

METHOD 

Description of Maneuvers t o  Es t ab l i sh  Orbit 

The sequence of maneuvers used t o  e s t a b l i s h  t h e  o r b i t  i s  shown i n  
f i g u r e  1. 
which must i n t e r s e c t  t h e  atmosphere with c e r t a i n  l i m i t s  known as t h e  
e n t r y  co r r ido r .  
t h e  vacuum pe r i aps i s  a l t i t u d e  of t h e  hyperbolic t r a j e c t o r y  or by t h e  
f l i gh t -pa th  angle  a t  some arbitrary a l t i t u d e .  
atmospheric phase i s  t o  change the path of t h e  spacecraft  so t h a t  it 
e x i t s  from t h e  atmosphere along a t r a j e c t o r y  having an apoapsis a l t i t u d e  
equal t o  t h a t  of t h e  t a r g e t  o r b i t .  The ve loc i ty  of t h e  spacecraf t  must 
be increased a t  t h e  apoapsis of t h e  e x i t  t r a j e c t o r y  i n  order  t o  r a i s e  
t h e  pe r i aps i s  a l t i t u d e  t o  t h e  desired value.  Since t h e  e x i t  t r a j e c t o r y  
w i l l  not achieve t h e  proper apoapsis a l t i t u d e ,  t h e  spacec ra f t ' s  v e l o c i t y  
i s  changed a second time a t  t h e  p e r i a p s i s  of t h e  intermediate o r b i t .  A 
convenient measure of t h e  performance of t h e  guidance system and space- 
c r a f t  combination i s  t h e  t o t a l  ve loc i ty  change required t o  achieve t h e  
t a r g e t  o r b i t .  

The spacecraft  approaches t h e  planet along a hyperbolic path 

The l i m i t s  of  the co r r ido r  may be spec i f i ed  e i t h e r  by 

The bas i c  purpose of t h e  

A more d e t a i l e d  descr ipt ion of t h e  atmospheric phase i s  shown i n  
f i g u r e  2.  The beginning and end of t h i s  phase a r e  impossible t o  de f ine  
except by Some a r b i t r a r y  means such as t h e  magnitude of t h e  acce le ra t ion  
caused by t h e  aerodynamic force .  The atmospheric phase is  divided i n t o  
t h r e e  subdivisions by t h e  guidance system. These subdivisions are t h e  
t r a n s i t i o n  t o  a constant a l t i t u d e  path,  t h e  constant a l t i t u d e  path,  and 
t h e  e x i t .  

Description of Guidance System 

Some of t h e  q u a n t i t i e s  which are used i n  t h e  guidance equations 
are shown i n  f i g u r e  3 .  These quan t i t i e s  are  commonly used i n  t h e  study 
of entry t r a j e c t o r i e s .  
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The c h a r a c t e r i s t i c s  of t h e  spacecraft  must be considered i n  t h e  
development of t h e  guidance equations.  
was assumed t o  be a body of revolut ion capable of producing a constant 
r a t i o  of L/D. The t r a j e c t o r y  of t h e  spacecraft  can be cont ro l led  only 
by varying t h e  r o l l  angle.  

I n  t h i s  case,  t h e  en t ry  vehic le  

The guidance system i s  a closed-form predict ion method instead 
of a fast-time predic t ion  method such as i s  used i n  reference 11. 
differences between t h e  two methods are discussed i n  detai l  i n  reference 1 2 .  
The fast-time predic t ion  method requires  t h e  rap id  numerical so lu t ion  
of t h e  d i f f e r e n t i a l  equations of motion by t h e  onboard computer i n  
order  t o  determine t h e  possible  future t r a j e c t o r i e s .  The ’closed-form 
predict ion method uses approximate ana ly t i c  so lu t ions  t o  t h e  equations 
of motion ins tead  of i n t e g r a t i n g  them by numerical methods. 

The 

The bas ic  arrangement of t h e  guidance log ic  i s  shown i n  f i g u r e  4. 
The guidance commands a r e  based on t h e  changes i n  t h e  v e l o c i t y  measured 
by t h e  i n e r t i a l  measurement un i t  (IMU). 
measurements of t h e  IMU t o  obtain t h e  pos i t ion  and v e l o c i t y  of t h e  
spacecraf t .  The navigation equations are b a s i c a l l y  t h e  same as those 
used for Project  Apollo ( r e f .  1 4 )  and a r e  used i n  each cycle  of  t h e  
computer. 

The navigation sec t ion  uses t h e  

The mode se lec tor  serves only t o  d i r e c t  t h e  computations t o  t h e  
correct phase. The r o l l  angle of t h e  spacecraf t  i s  held constant as 
long as t h e  i n i t i a l  phase continues. 
whenever t h e  measured acce lera t ion  along t h e  v e l o c i t y  vector  exceeds 
3.2 f t / s e c 2  (0 .1  ge, where g 

Ear th) .  

The i n i t i a l  phase i s  terminated 

i s  t h e  g r a v i t a t i o n a l  acce lera t ion  of t h e  e 

The purpose of t h e  next phase is  t o  steer t h e  spacecraf t  onto a 
constant a l t i t u d e  path.  
density a t  t h e  beginning of t h e  constant a l t i t u d e  phase depend upon t h e  
a rb i t r a ry  value of L/D a t  t h i s  po in t .  The guidance equations f o r  t h e  
t r a n s i t i o n  phase a r e  based on t h e  method of reference 15 although t h e  
derived equations a r e  d i f f e r e n t .  
is discussed i n  t h e  appendix. 
equation ( A 9 1  of t h i s  appendix. 

The v e l o c i t y  of t h e  spacecraf t  and t h e  atmospheric 

The development of t h e s e  equations 
The required value of L/D i s  given by 

The commanded r o l l  angle ,  4 i s  c *  

where (L/D), i s  t h e  maximum L/D and (L/D),  i s  t h e  command L/D. 

The constant a l t i t u d e  allows t h e  spacecraf t  t o  dece lera te  u n t i l  t h e  
proper apoapsis a l t i t u d e  can be reached. Therefore, a por t ion  of t h e  

. 
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* 

computations f o r  t h e  e x i t  phase must be performed each cycle  although 
t h e  spacecraf t  is  s t i l l  being guided along a constant  a l t i t u d e  path.  
The constant a l t i t u d e  phase continues u n t i l  t h e  t a r g e t  apoapsis a l t i t u d e  
can be reached by using a constant va lue  of L/D less than  some spec i f i ed  
value.  
by equation ( A 1 4 1  of t h e  appendix. 

The L/D required t o  maintain a constant a l t i t u d e  path i s  given 

The e x i t  phase guidance equations a r e  based on t h e  second-order 
so lu t ion  t o  t h e  equations of motion presented i n  references 16  and 17. 
The use of t h i s  so lu t ion  is  discussed i n  t h e  appendix. The second-order 
so lu t ion  i s  used t o  c a l c u l a t e  t h e  apoapsis a l t i t u d e  achieved by using 
a constant  value of  t h e  L/D. A Newton-Raphson i t e r a t i o n  scheme i s  used 
t o  determine t h e  cor rec t  value of t h e  L/D. 
t h e  spacecraf t  o r i g i n a l l y ,  but be t t e r  r e s u l t s  were obtained i f  t h e  r o l l  
angle  w a s  based on t h e  following equation: 

This value w a s  used t o  s t e e r  

(9 = kl (k)+ k2 [(i) - (k) REF] 
k and k a r e  t h e  gains .  The value of L/D obtained from t h e  previous 

cyc le  through t h e  equations i s  used f o r  L/DREF. 

whenever t h e  measured acce lera t ion  along t h e  ve loc i ty  vector  decreases 
below 3.2 f t / s e c 2 .  

1 2 
The e x i t  phase ends 

The inc l ina t ion  of t h e  o r b i t  i s  cont ro l led  by t h e  d i r e c t i o n  of  t h e  
r o l l  angle.  
o r b i t  i s  approximated by t h e  change i n  t h e  spacecraf t ' s  heading. The 
approximate change i n  heading i s  given i n  re ference  18, 
t h e  change i n  i n c l i n a t i o n  during the  atmospheric phase is  compared t o  
t h e  desired inc l ina t ion  i n  order t o  determine t h e  d i r ec t ion  of r o l l .  

It i s  assumed t h a t  the  change i n  t h e  i n c l i n a t i o n  of t h e  

The est imate  of 

NUMERICAL APPLICATION AND RESULTS 

A four-degree-of-freedom d i g i t a l  t r a j e c t o r y  program w a s  used t o  
eva lua te  t h e  performance of t h e  combined guidance system and spacecraf t .  
The t r a j e c t o r y  progran assumed a spher ica l  r o t a t i n g  p lane t .  
p rope r t i e s  presented i n  reference i9 an6 t h e  atmospheric nodeis of 
re ference  1 0  were used i n  t h e  study. 
spacecraf t  and cont ro l  systems are  l i s t e d  on t h e  following page. 

The physical  

The nominal c h a r a c t e r i s t i c s  of t h e  
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L/D.. . . . . . . . . . . . . . .  0.5 

W/CDS,  psf . . . . . . . . . . . .  120 

Maximum r o l l  rate, deg/sec . . . .  520 

R o l l  acce le ra t ion ,  deg/sec2 . , . . *lo 

R o l l  deadband, deg . . . . . . . .  +4 

The cont ro l  system c h a r a c t e r i s t i c s  a r e  those  of t h e  Apollo command 
module. The v a r i a t i o n  of t h e  atmospheric dens i ty  with a l t i t u d e  i s  
presented i n  f i g u r e  5 f o r  t h e  high, mean, and low dens i ty  atmospheres. 

An i n i t i a l  a l t i t u d e  of 300 000 f t  w a s  used f o r  a l l  t r a j e c t o r i e s ,  
and two i n i t i a l  v e l o c i t i e s  (17 000 and 20 000 f p s )  were inves t iga ted .  
Ei ther  t h e  per iaps is  a l t i t u d e  of t h e  approach t r a j e c t o r y  or  t h e  f l i g h t -  
path angle  a t  t h e  i n i t i a l  a l t i t u d e  i s  required t o  completely specify 
t h e  en t ry  conditions.  
The apoapsis a l t i t u d e  w a s  e i t h e r  1000 n. m i .  o r  1 0  000 n .  m i .  whereas 
t h e  per iaps is  a l t i t u d e  w a s  100 n. m i .  f o r  both o r b i t s .  
of t h e  o r b i t s  axe 0.188 and 0.718, respec t ive ly .  
change (AV,) necessary t o  e s t a b l i s h  t h e  t a r g e t  o r b i t  i s  used as a 

measure of performance of t h e  guidance and spacecraf t  combination. 

Two t a r g e t  o r b i t s  were considered i n  t h e  study. 

The e c c e n t r i c i t i e s  
The t o t a l  ve loc i ty  

The a l t i t u d e ,  ve loc i ty ,  and f l igh t -pa th  angle  of two t y p i c a l  en t ry  
The en t ry  t r a j e c t o r i e s  are presented i n  f i g u r e  6 as func t ions  of t i m e .  

ve loc i ty  i s  20 000 f p s ,  and t h e  f l igh t -pa th  angle  i s  -8.2O f o r  both 
t r a j e c t o r i e s .  The basic  d i f fe rence  between t h e  two t r a j e c t o r i e s  i s  
t h a t  t h e  apoapsis a l t i t u d e s  of t h e  t a r g e t  o r b i t s  a r e  1000 n. m i .  and 
1 0  000 n.  m i .  The two t r a j e c t o r i e s  are i d e n t i c a l  u n t i l  146 seconds 
when t h e  ex i t  phase of t h e  10  000-n. m i .  apoapsis a l t i t u d e  t r a j e c t o r y  
begins.  
phase continues f o r  another 90 seconds i f  t h e  t a r g e t  apoapsis a l t i t u d e  
is  lowered t o  lOOC n. m i .  During t h i s  90 seconds, t h e  ve loc i ty  of t h e  
spacecraf t  decreases t o  1 4  165 fps .  
t r a j e c t o r i e s  a r e  l i s t e d  i n  t h e  following t a b l e .  

The ve loc i ty  i s  1 6  804 fps  a t  t h i s  t ime.  The constant a l t i t u d e  

The e x i t  condi t ions f o r  t h e  two 

Apoapsis a l t i t u d e  of 
ta rge t  o r b i t ,  n. m i .  . . . . .  1 0  000 1 000 

Exit a l t i t u d e ,  f t  . . . . . . .  214 394 201 358 

1 5  185 1 2  664 Exit ve loc i ty ,  fp s  . . . . . . .  
Exit f 1 ight  -pat h 

angle, deg . . . . . . . . . .  4.83 3.96 
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These e x i t  condi t ions r e s u l t  i n  ac tua l  apoapsis a l t i t u d e s  of 
1 0  438 n. m i .  and 1023 n. m i .  
142.7 f p s  a r e  required t o  achieve the  proper o r b i t s .  

Total ve loc i ty  changes of 80.3 fps  and 

I n  t h e  case of t h e  1 0  000-n. m i .  t a r g e t  apoapsis a l t i t u d e  t r a j e c t o r y ,  
a change of 1' i n  t h e  f l igh t -pa th  angle a t  e x i t  w i l l  cause a change of 
6 n. m i .  i n  t h e  apoapsis a l t i t u d e  while a change of 1 f p s  i n  t h e  ve loc i ty  
at e x i t  w i l l  cause a change of 13 n. m i .  i n  t h e  apoapsis a l t i t u d e .  If 
t h e  t a r g e t  apoapsis a l t i t u d e  is  1000 n. m i . ,  a lo change i n  t h e  f l i g h t -  
path angle  a t  e x i t  w i l l  r e s u l t  i n  a change i n  t h e  apoapsis a l t i t u d e  of 
12  n. m i .  However, t h e  apoapsis a l t i t u d e  w i l l  be  changed by only 
1.1 n. m i .  i f  t h e  ve loc i ty  a t  e x i t  i s  changed 1 f p s .  
ve loc i ty  a t  e x i t  probably w i l l  be grea te r  f o r  t h e  t r a j e c t o r y  which spends 
t h e  g rea t e s t  amount of t ime i n  t h e  atmosphere. 

The e r r o r s  i n  t h e  

The AV required t o  e s t ab l i sh  a 1 0  000-n. m i .  apoapsis a l t i t u d e  T 
o r b i t  i s  presented i n  f igu re  7 as a func t ion  of t h e  f l igh t -pa th  angle  
at en t ry  (y  

path (h  ) .  The en t ry  ve loc i ty  (Veri) i s  20 000 f p s .  Although t h e  

t h r e e  atmospheric models were used, t h e  guidance w a s  based upon t h e  
parameters of t h e  mean atmosphere. The symbols on the  f igures  represent  
r e s u l t s  of ind iv idua l  t r a j e c t o r i e s  while t h e  s o l i d  l i n e s  a r e  intended 
t o  show general  t rends  only. 
show a d i s t i n c t  region of low AVT. This region of low AVT can be 

descr ibed as t h e  en t ry  corr idor  f o r  t h e  aerodynamic braking maneuver. 
The AVT i s  between 60 and 87 f p s  i f  yen i s  between -9.0" and -7.6" 

and as a funct ion of t h e  pe r i aps i s  a l t i t u d e  of t h e  approach en 

P, vac 

The r e s u l t s  f o r  t h e  mean dens i ty  atmosphere 

< 24.5) .  The AVT increases  sharply outs ide of t h e  
p ,  vac - (14.5 5 h 
- 

c o r r i d o r ,  The AV f o r  t h e  low densi ty  a l s o  exh ib i t s  a d i s t i n c t  cor r idor  

although t h e  AV 

t h e  mean dens i ty  atmosphere. 
atmosphere i s  comparable t o  t h a t  required f o r  t h e  low densi ty  atmosphere. 
This  f i g u r e  was based on t h e  assumption t h a t  t h e  maximum dens i ty  
atmosphere and t h e  low densi ty  atmosphere a r e  t h e  maximum expected 
devia t ions  from t h e  mean dens i ty  atmosphere and t h e  cor rec t  dens i ty  w i l l  
not be known. 

T 
is  approximately 100 f p s  higher than t h a t  required f o r  T 

The AV required f o r  t h e  high dens i ty  T 

The d e f i n i t i o n  of t h e  en t ry  corr idor  used i n  t h i s  r epor t  i s  more 
r e s t r i c t i v e  than  t h e  de f in i t i on  used i n  re ference  9 .  That re ference  
def ined t h e  bottom of t h e  corr idor  by t h e  f u l l  p o s i t i v e - l i f t  t r a j e c t o r y  
which j u s t  reached t h e  m i n i m u m  allowable a l t i t u d e  and t h e  t o p  of t h e  
Corridor w a s  defined by t h e  f u l l  nega t ive- l i f t  t r a j e c t o r y  which r e s u l t e d  
i n  a n  overshoot. 
Of t h e  en t ry  ve loc i ty ,  t h e  physical p roper t ies  of t h e  spacecraf t ,  and 

The en t ry  corr idor  defined i n  t h i s  manner i s  a funct ion 
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t h e  atmosphere of t h e  p l ane t .  
which also depends upon t h e  t a r g e t  apoapsis a l t i t u d e  and t h e  guidance 
and control  system. 

This repor t  defines an en t ry  cor r idor  

The cases  presented i n  f igu re  8 a r e  t h e  same as those i n  f i g u r e  7 
except t h a t  t h e  guidance uses t h e  cor rec t  atmospheric parameters. 
i s  a d i s t i n c t  corr idor  f o r  each atmospheric model and t h e  AVT i n  t h e  

corr idors  i s  between 45 and 100 f p s .  The aepth of t h e  cor r idor  i s  2.2' 
(13.2 n. m i . )  f o r  t h e  high dens i ty  atmosphere, 1.4' (10.0 n. m i . )  f o r  
t h e  mean dens i ty  atmosphere, and 1.2' (9.3 n. m i . )  f o r  t h e  low dens i ty  
atmosphere. 
do not all overlap.  

There 

The center  of each cor r idor  i s  sh i f t ed  so t h a t  t h e  cor r idors  

The e f f e c t  of v a r i a t i o n s  i n  t h e  b a l l i s t i c  coe f f i c i en t  (W/C S) i s  D 
shown i n  f i g u r e  9 .  
e n t r y  corridor or  t h e  AVT required within t h e  cor r idor  although t h e  

guidance was based on t h e  nominal b a l l i s t i c  coef f ic ien t  of 120 psf .  
The e f fec t  w a s  t h e  same f o r  a l l  t h r e e  atmospheres. The ana ly t ic  r e s u l t s  
of reference 1 indica te  t h a t  t h e  depth of t h e  cor r idors  should not be 
affected by changes i n  t h e  b a l l i s t i c  coe f f i c i en t  but t h a t  t h e  center  of 
t h e  corridor should be sh i f t ed  as t h e  b a l l i s t i c  coe f f i c i en t  i s  changed. 

Variat ions of 220 psf had l i t t l e  e f f e c t  upon t h e  

The e f f e c t  of reducing t h e  L/D t o  0.4 i s  shown i n  f i g u r e  10 .  The 
guidance equations used t h e  nominal L/D of 0.5.  
L/D caused a decrease i n  t h e  depth of t h e  cor r idor  but d id  not s h i f t  
t h e  center of  t h e  cor r idor .  The depth of t h e  cor r idor  w a s  reduced t o  
1.6' (9.6 n. m i . )  f o r  t h e  high densi ty  atmosphere and 0.6' (4 .5 n. m i . )  
f o r  the l o w  dens i ty  atmosphere. This i s  a reduct ion of approximately 
27 percent f o r  t h e  high dens i ty  atmo'sphere and 52 percent f o r  t h e  low 
densi ty  atmosphere. 

This reduct ion i n  

The t a r g e t  o r b i t  i n  f igures  7 t o  1 0  has an apoapsis a l t i t u d e  of 
10  000 n. m i .  and a p e r i a p s i s  a l t i t u d e  of 100 n.  m i .  

t o  es tab l i sh  a 1000-n. m i .  apoapsis a l t i t u d e  o r b i t  i s  given i n  f igu re  11. 
I n  general ,  t h e  AV 

t o  achieve a 1 0  000-n. m i .  apoapsis a l t i t u d e  o r b i t .  
corridor occurs at approximately t h e  same po in t ,  but t h e  bottom of 
t h e  corridor i s  not d i s t i n c t i v e .  I f  t h e  f l igh t -pa th  angle a t  e n t r y  i s  
decreased below a c e r t a i n  value,  t h e  AV w i l l  begin t o  increase but not 

a s  rapidly as it did f o r  t h e  higher apoapsis a l t i t u d e  o r b i t .  
t he re  is considerable f l u c t u a t i o n  i n  t h e  required AVT. 

The AV required T 

i s  increased approximately 100 fps  above t h a t  required 
T 

The t o p  of t h e  * 

T 
Also, 

The e n t r y  v e l o c i t y  of t h e  spacecraf t  i s  not l i k e l y  t o  be l e s s  than 
17 000 0 s  s ince  t h i s  is approximately 4 percent g r e a t e r  than  t h e  escape 
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v e l o c i t y  a t  300 000 f t .  The AV required t o  e s t a b l i s h  a 10  000-n. m i .  

apoapsis a l t i t u d e  when t h e  en t ry  ve loc i ty  i s  17 000 fps  i s  shown i n  
f igu re  12 .  A AV of 500 fps  i s  necessary t o  maintain a corr idor  depth 

of 0 . 8 ~  (6.7 n. m i . )  f o r  t h e  low densi ty  atmosphere. The mean and high 
dens i ty  atmospheres requi re  higher values  of AV The AV decreased t o  

approximately 100 f p s  f o r  t h e  low densi ty  and mean dens i ty  atmospheres 
before increasing rap id ly .  This rapid f l u c t u a t i o n  can be explained 
by examining the  next figure. 

T 

T 

T '  T 

t 

c 

The apoapsis a l t i t u d e  of t h e  ex i t  t r a j e c t o r y  i s  presented i n  f i g u r e  13 
f o r  t h e  same condition used i n  t h e  previous f igu re .  The apoapsis a l t i t u d e  
i s  almost constant over some range of en t ry  angles f o r  each of t h e  
atmospheric models. 
1 0  000 n.  m i .  but v a r i e s  between 6700 n. m i .  f o r  t h e  low dens i ty  atmosphere 
and 4000 n. m i .  f o r  t h e  high density atmosphere. 
decreased , t h e  apoapsis a l t i t u d e  decreases u n t i l  eventually t h e  spacecraf t  
w i l l  not escape t h e  atmosphere of t he  p lane t .  I f  t h e  en t ry  angle i s  
increased, t h e  apoapsis a l t i t u d e  of t h e  e x i t  t r a j e c t o r y  w i l l  increase 
without l i m i t .  

and mean densi ty  atmospheres occur when t h e  apoapsis a l t i t u d e  of t h e  
e x i t  t r a j e c t o r y  i s  equal t o  the  apoapsis a l t i t u d e  of t h e  t a r g e t  o r b i t .  
The AV 

This apoapsis a l t i t u d e  i s  not t h e  nominal value of 

If t h e  en t ry  angle i s  

The minimum values of AVT shown i n  f igu re  1 2  f o r  t h e  low 

f o r  t h e  high dens i ty  atmosphere should exhibi t  t h e  same t rends .  T 

The r e s u l t s  presented i n  f igure  13 ind ica t e  t h a t  t he re  i s  a maximum 
value which should be used f o r  the  apoapsis a l t i t u d e  of the  t a r g e t  o r b i t .  
This maximum value corresponds t o  t h e  near ly  constant valued port ions 
of t h e  curves i n  f igu re  13. 
i s  not known, t h e  maximum apoapsis a l t i t u d e  is  given by t h e  high dens i ty  
model. The maximum apoapsis a l t i t u d e  of t h e  t a r g e t  o r b i t  is  given as a 
func t ion  of t h e  en t ry  ve loc i ty  i n  f i g u r e  1 4 .  
e n t r y  v e l o c i t y  must be above 18 850 f p s  if  t h e  t a r g e t  apoapsis a l t i t u d e  
i s  1 0  000 n. m i .  

Since t h e  cor rec t  model of t h e  atmosphere 

It can be seen t h a t  t h e  

The e f f ec t  of reducing the  ta rge t  apoapsis a l t i t u d e  t o  1000 n.  m i .  

The AVT within 
when t h e  en t ry  v e l o c i t y  i s  17 000 f p s  i s  shown i n  f igu re  1 5 .  Now, t h e r e  
i s  a d e f i n i t e  en t ry  corr idor  f o r  a l l  t h r e e  atmospheres. 

t h e  cor r idor  i s  between 120 and 170 fps .  The depth of t he  cor r idor  i s  
2.2O (14.5.11. m i . )  f o r  t h e  high density atmosphere and 1.0' (8.7 n.  m i . )  
f o r  t h e  low dens i ty  atmosphere. The depth of t h e  corr idors  and t h e  AV 

wi th in  t h e  ocr r idors  are approximately t h e  same f o r  an entry v e l o c i t y  of 
17 000 f p s  as f o r  an entry veloci ty  of 20 000 fps .  The major d i f fe rence  
i s  t h a t  t h e  center  of t h e  corridor has been r a i s e d  by t h e  decrease i n  
t h e  e n t r y  ve loc i ty .  

T 
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A l l  of t h e  t r a j e c t o r i e s  considered i n  t h i s  study were i n  t h e  
equator ia l  plane of Mars i n i t i a l l y .  The en t ry  guidance attempted t o  
keep the  e x i t  t r a j e c t o r y  i n  t h e  equator ia l  plane a l s o .  
of t h e  ex i t  t r a j e c t o r y  w a s  l e s s  than  0.2' f o r  a l l  of t h e  cases .  The 
maximum cont ro l lab le  change i n  t h e  inc l ina t ion  i s  approximately 2 .O' . 
The minimum a l t i t u d e  of t r a j e c t o r i e s  within t h e  en t ry  co r r ido r s  w a s  
never l e s s  than 50 000 ft and t h e  m a x i m u m  acce lera t ion  w a s  l e s s  than  2.5 ge-  

The i n c l i n a t i o n  

An ana lys i s  of t h e  navigation and guidance of a Mars probe launched 
from a manned spacecraf t  was reported i n  reference 19. 
r e s u l t s  o f  reference 19 are not d i r e c t l y  appl icable  t o  t h e  present study, 
t h e  dispers ions i n  t h e  en t ry  angle should be approximately t h e  same 
magnitude. 
between 0.13' and 0.21'. If t h e  d ispers ion  i n  t h e  en t ry  angle  i s  as 
low as 0.13' and t h e  L/D i s  0.5,  t h e  p robab i l i t y  t h a t  t h e  spacecraf t  
w i l l  miss t h e  cor r idor  i s  very s m a l l .  
corr idor  i s  97.9 percent i f  t h e  low dens i ty  atmosphere occurs and t h e  
L/D i s  0.4.  

Although t h e  

The standard devia t ion  i n  t h e  en t ry  angle  w a s  found t o  be 

The p robab i l i t y  of achieving t h e  

The centers  of t h e  low and high dens i ty  atmospheres a r e  displaced 
from the  center  of t h e  mean dens i ty  atmosphere by approximately 0.8' .  
This displacement of t h e  cor r idors  insures  t h a t  a s i n g l e  value of t h e  
en t ry  ang le  cannot be se lec ted  on t h e  basis of t h e  present knowledge of 
t h e  Martian atmosphere. It i s  poss ib le  t h a t  t h i s  problem may be solved 
by launching an atmospheric probe from t h e  main spacecraf t  so t h a t  t h e  
probe a r r ives  a t  t h e  planet  before t h e  main spacecraf t  and t h e  aerobraking 
spacecraf t .  An approximation of t h e  atmosphere i s  made on t h e  basis of 
data received from t h e  probe, and t h e  aerodynamic braking spacecraf t  i s  
aimed at t h e  cor rec t  en t ry  angle. 
t o  change t h e  en t ry  angle  by ?lo i s  presented i n  f i g u r e  16 as a func t ion  
of t h e  time remaining before  en t ry .  
t h e  entry angle  was -7.1'. 
before the time of en t ry ,  a ve loc i ty  change of l e s s  than  59 f p s  is  required 
t o  change t h e  en t ry  angle  by ?lo. 
than  22 fps  when t h e  connection takes  place 30 minutes before  en t ry .  
r e s u l t s  were approximately t h e  same when t h e  en t ry  v e l o c i t y  w a s  20 000 f p s  
and t h e  nominal en t ry  angle  i s  -8.2'. 

The t o t a l  v e l o c i t y  increment necessary 

The en t ry  ve loc i ty  was 17 000 f p s  and 
If t h e  t r a j e c t o r y  i s  cor rec ted  1 0  minutes 

The ve loc i ty  change decreases t o  l e s s  
The 

CONCLUDING REMARKS 

The f e a s i b i l i t y  of achieving a spec i f i ed  o r b i t  about Mars by using 
aerodynamic braking depends upon t h e  knowledge of t h e  environment, t h e  
physical p roper t ies  of t h e  spacecraf t ,  and t h e  p rope r t i e s  of t h e  t a r g e t  
o r b i t .  An o r b i t  cannot be successful ly  es tab l i shed  unless  t h e  approach 
t r a j e c t o r y  i s  ta rge ted  t o  t h e  center  of t h e  co r r ido r  f o r  t h e  co r rec t  
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c 

atmosphere, If t h e  cor rec t ion  i s  made 30 minutes before  t h e  time of 
en t ry ,  a v e l o c i t y  change of less than 22 fps  i s  required.  The t o t a l  
ve loc i ty  change required t o  achieve an o r b i t  w i t h  an apoapsis a l t i t u d e  
of 1 0  000 n. m i .  and a pe r i aps i s  a l t i t u d e  of 100 n. m i .  i s  between 45 
and 100 f p s  i f  the  en t ry  speed i s  20 000 f p s  and t h e  L/D i s  0.5. 
decrease i n  e i t h e r  t h e  en t ry  ve loc i ty  o r  t h e  L/D may r equ i r e  t h a t  t h e  
apoapsis a l t i t u d e  be decreased. 
increased t o  between 120 and 170 fps  if t h e  apoapsis a l t i t u d e  of t h e  
t a r g e t  o r b i t  i s  decreased t o  1000 n. m i .  

A 

The requi red  t o t a l  ve loc i ty  change i s  

The e f f e c t  of e r r o r s  on the  performance of t h e  guidance system and 
t h e  spacecraf t  was not considered. 
cause a reduct ion i n  t h e  corr idor  and w i l l  increase t h e  d i f f i c u l t y  of 
achieving the  t a r g e t  o r b i t .  
l i s h  t he  t a r g e t  o r b i t  suggests a procedure t o  achieve t h e  o r b i t  which 
most c lose ly  approximates t h e  t a rge t  o r b i t .  
r a i s e s  t h e  pe r i aps i s  a l t i t u d e  t o  required value.  
change i s  required t o  e s t ab l i sh  the  des i red  apoapsis a l t i t u d e .  
necessary,  t h e  m a x i m  a l l o t t e d  ve loc i ty  change would be used t o  move 
the  apoapsis a l t i t u d e  as c lose  t o  des i red  value as possible .  

The presence of any e r r o r s  w i l l  

The sequence of maneuvers required t o  estab- 

The f irst  ve loc i ty  change 
A second v e l o c i t y  

If 
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APPENDIX 

GUIDANCE EQUATIONS 

SYMBOLS 

acce lera t ion ,  f t / s e c 2  

drag coe f f i c i en t  

eccent r ic i ty  

g rav i t a t iona l  acce lera t ion  of planet  , 
f t  / sec 2 

a l t i t u d e ,  f t  

t r a j ec to ry  constant defined i n  
equation ( ~ 1 7 )  , f t4 / lb-sec2  

gains defined i n  equation ( 2 )  

gains defined i n  equation ( A l 4 )  

l i f t  -t o-drag rat  i o  

mass, lb -sec2/ f t  

radius  of p lane t ,  f t  

rad ius ,  f t  

reference a rea ,  f t 2  

t h e ,  sec 

ve loc i ty  , f p s  

weight, l b  

densi ty  decay parameter, ft-’ 



16 

Y 

AvT 

AP 

Subscripts : 

a 

C 

D 

e 

en 

ex 

i 

m 

REF 

0 

P 

vac 

f l igh t -pa th  angle ,  deg o r  rad 

t o t a l  ve loc i ty  change required t o  estab- 
lish t a r g e t  o r b i t  

change i n  dens i ty ,  defined by equation ( A l O ) ,  
lb-sec 2 / f t  

c e n t r a l  angle of t h e  p l ane t ,  deg o r  rad  

dens i ty  of atmosphere, l b - sec2 / f t4  

r o l l  angle  of spacecraf t ,  deg o r  r a d  

apoapsis 

command 

drag 

Earth 

en t ry  

e x i t  

i n i t i a l  

maximm 

reference  

constant a l t i t u d e  

per i a p  s i s  

vacuum 

TRANSITION TO CONSTANT ALTITUDE 

Guidance equations capable of s t e e r i n g  t h e  spacecraf t  t o  a constant  
These equations a r e  based a l t i t u d e  path were presented i n  re ference  13. 

on t h e  assumptions t h a t  t h e  v e l o c i t y  is constant and the f l i gh t -pa th  angle  
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c 

i s  small during t h i s  phase. Although t h e s e  equations were o r i g i n a l l y  
developed t o  use e i t h e r  f u l l  pos i t ive  or negat ive l i f t ,  it i s  poss ib le  
t o  modulate t h e  l i f t  t o  achieve a smoother t r a n s i t i o n  t o  t h e  constant 
a l t i t u d e  path.  

The two-dimensional equations of motion of a veh ic l e  moving through 
t h e  atmosphere of a p lane t  a r e :  

h = V s i n  y ( A 1 1  

(A21 
* v  e = - c o s  y r 

- p V 2  cDs - g cos y(1 - g) (A31 
m 

~2 p - g s i n  y 
1 ‘DS v = - -  - 
2 m  

The atmosphere of t h e  planet  i s  assumed t o  be isothermal so  
The dens i ty  dens i ty  i s  an exponential  funct ion of t h e  a l t i t u d e .  

P = P, exp(-Bh) (A51 

If V i s  constant  and y is  small during t h e  t r a n s i t i o n  phase, 
equation ( A l )  and ( A 3 )  become 

and 

il = v y  

.; = $ (-$v c s  -; 1 -E) 

t h a t  t h e  
i s  : 

r e spec t ive ly .  

After  rewr i t ing ,  i s  

The t i m e  r a t e  of change of p i s  found from equation ( A 5 ) .  

Eqzat ion (AT! i s  divided by ( A 8 )  t o  ob ta in  



After being rearranged, t h i s  equation can be in t eg ra t ed  between 
tb.e proper l i m i t s  and solved f o r  L/D. The r e s u l t i n g  equation i s  

where 

I f  t h e  value of L/D i s  spec i f i ed  a t  t h e  beginning of t h e  constant a l t i t u d e  
phase, t h e  dens i ty  along t h e  constant a l t i t u d e  path i s  

(All) 

The maximum permissible  dens i ty  i s  
*a- 

The lowest value of p o  is  used t o  determine A p .  

calculated as 

The value of p i  i s  

- 2aD 
c s  P i  - 
(D\ v2 

CONSTANT ALTITLTDE PATH 

The L/D required t o  maintain a constant  a l t i t u d e  i s  foun 

equal t o  zero and solving equation ( A 3 )  t o  ob ta in  y and 

. 
by set t -ng 

L/D = ( A 1 3 )  



where t h e  measured acce lera t ion  % rep laces  t h e  term 

1 cDs 
PV2 - m 

It i s  necessary t o  add add i t iona l  terns t o  equation ( A 1 3 )  i n  order t o  
insure  t h e  s t a b i l i t y  of t h e  path. 
acce le ra t ion  at any t ime can be r e l a t ed  t o  t h e  acce le ra t ion  a t  t h e  
beginning of t h e  constant a l t i t u d e  phase. 

Since t h e  a l t i t u d e  i s  constant ,  t h e  

This r e l a t i o n s h i p  i s  

V 
71, i a =  

The con t ro l  equation which i s  used f o r  t h e  constant a l t i t u d e  phase i s  

(L/D) = (1 - E) - k3 gr "D 

k4¶ and k a r e  constant gains .  
3, 5 

where k 

GUIDANCE EQUATIONS FOR EXIT PHASE 

A second-order so lu t ion  t o  the equations of motion within an  
atmosphere was presented i n  reference 14 and extended t o  t r a j e c t o r i e s  
which e x i t  from t h e  atmosphere i n  reference 15. The f l igh t -pa th  angle  
was defined t o  be pos i t i ve  when the  a l t i t u d e  i s  decreasing. 
be cons is ten t  with t h e  r e s t  of the  guidance equations,  t h e  f l igh t -pa th  
ang le  i s  redefined t o  be pos i t i ve  when t h e  a l t i t u d e  i s  increasing.  
second-order so lu t ion  i s  

I n  order t o  

The 

and 
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The second-order so lu t ion  i s  based on t h e  approximation t h a t  t h e  term 

remains constant. Loh ( r e f .  16 )  emphasizes t ha t  although t h i s  term 
remains nearly constant ,  t h e  individual  values of y ,  p ,  and V do not 
remain constant.  For convenience, def ine  

( A 1 7  

so t h a t  equations (Al5) and ( ~ 1 6 )  become 

and 

respect ively.  

The veloci ty  and f l ight-path angle a t  e x i t  a r e  obtained by s e t t i n g  
P equal t o  zero i n  equations (M.8) and ( f i g ) .  The a l t i t u d e  at the time 
of e x i t  i s  assumed t o  be the  same as t h e  a l t i t u d e  a t  t h e  beginning of 
t h e  t r a n s i t i o n  phase. The predicted v e l o c i t y ,  f l igh t -pa th  angle ,  and 
a l t i t u d e  at  e x i t  are used t o  pred ic t  t h e  apoapsis a l t i t u d e  of t h e  e x i t  
t r a j ec to ry .  
described by t h e  two-body equations of motion which a r e  discussed 

The motion of t h e  spacecraf t  ou ts ide  t h e  atmosphere i s  

sources such as reference 19. 
r 

The e c c e n t r i c i t y  of t h e  e x i t  t r a j e c t o r y  i s  
1 

V2 ex 
2 (--.J((!E&X- 

and t h e  apoapsis a l t i t u d e  i s  
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An examination of 
apoapsis a l t i t u d e  i s  a 

equations ( ~ 1 8 )  through (A211 i n d i c a t e  t h a t  t h e  
funct ion of L/D which can be cont ro l led  by t h e  - -  

r o l l  angle of t h e  spacecraf t .  
desired apoapsis a l t i t u d e  i s  found using a Newton-Raphson i t e r a t i o n  
scheme. 

The value of L/D necessary t o  achieve t h e  
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Approach trajectory 

Edge of  atmosphere 

Intermediate orbit 

Aerodynamic braking 
maneuver 

I \ r f i r s t  impulse A / 

< Target orbit 

Figure 1.- Sequence of maneuvers necessary to establish target orbit. 
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Approach - 
phase 3- 

\ ---- 

I Aerodynamic 
braking maneuver 

Constant 
altitude 
phase 1 Transition - to constant 

altitude 
-Exit  phase - Ballistic --t 

skip 
* 

--- 

Surface of planet 

Figure 2. - Phases of aerodynamic braking maneuver. 
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Figure 3.- Quantities used in equations of motion. 
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1 

Figure 4 .  - Basic logic of guidance. 
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Figure 5.- Atmospheric models used in study. 
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Time remaining before entry, min 

Figure 16.- Velocity increment required to change entry 
angle as a function of  time remaining until entry. 
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